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Unless stated otherwise C.G.S. units are used

SECTION I.

in this report.

diameter of droplet

mean diamcter of spray

number of droplets diameter dj

total volum« and surfacc of N droplete

volwac fraction of spray having diameter )d

8ize constant in Raoein Ramilcr equation

digtribution constant in Rosin Railer
equation

volume rate of burning of propellant
proportionality constant

gurface, numbcr ¢tc., per unit volume
of liquid

vclume ratec of input of propcllant
volume fraction

index in the equation relating rate
of burning to diamcter of drop

time (scconds)

ratc of changc or flow of mass
" " w.on oW " per unit nreo,
thermal conductivity

spcqific hcat at constant pressurc

non-dimension.:l temperature defined in text
temperaturce in ©a

hcat of vaporisntion

diffusion const nt
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flow velocity
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INTRODUCTION.

One of the advantages of the rocket motor over other
propulsion units lies in ite ability to achieve a high rate
of conversion of chemicel energy into kinetic energy in a
relatively small volume. In order to meintain the high rate
and density of combustion required, the propellant ie injected
into the combustion chaiiber in the form of a spray consisting
of a large number of small droplets. Thie spray hasg a large
gsurface area per unit volume which facilitatce thc tronsfcr
of heat from the combustion gases to the liquid propellant,
Thus the high rate of cvaporation from the liquid to thc gaseous
phaose, necessary to maintsin coubuetion, is achived.

In the cose of multi-component propellonts mixcd in the
combustion chamber, the dispersion of each componcnt ies o gtep
towards their mutucl interaction,

It is desirable to have methods of asscssing thc 'tomising
properties of injecteors for liquid propellante which con bc
correlated with measurecments of the efficiency of thc injector
in the combustion system for which it is designcd. The methods
which have been used in other fields for the mcnsurcment of drop
size in sprays are reviewed in this report, but firset it is
desirable to examine thc influence of droplct sizc on the
combustion of propellant sprays, because thc sclceetion of a
method suitable for the assessment of rocket injecctors will be
governed by the form of the relation between drop sizc and rate
of combustion, Sprays produced by methods cmployed in com-
bugtion engineering contain droplets of which the egize may vary
over a considerable ronge and it is necessary to cheoracterise
both the mean droplet size ond the degree of deviation from
the mean. The definition of thesc quantitice will depend upon
their relation to the mechanism of combustion,

The calculation of the overall rote of combustion of the
propellant spray from poseible relations between the rate of
combuetion of an individual droplet and the dimension of that
droplet is discussed in the first section of this report.

In order to do this a greatly simplificd picturc of thc propellant
gepray and the process of combustion is necessary. It is ngsumed
that the process of atomisntion ie inetant-necous, thnt is, the
propellant is injected in the form of discrcte droplcts, the
initial eizec ~nd distribution of which c¢'n be¢ 1ssumcd, whcrcne in
reality thc brcak up of the injectcd propell-nt ie occurring in
the combustion chrmber siimlt:neously with ite combustion,

It ie to be cxpceted that the physienl factors c¢ntering into the
combustion of mono-propcllante should be much simpler than in
bi-propellant systcms. Initinlly, therefore, discusegion has
becen.confined to the combustion of mono-propellante. The com-
bustion of systume in which fuel ond oxidant are injccted scparnte-
ly is of such complcxity that it icrite a separate discussion
which, it ie hopcd, mhy foria » subsequent part of thie dissertation,
In the case of mono-propellants it is assumed that each droplet
burns independently of the rest of the spray, and therefore the
overall rate is given by the sum of the combustion of all droplets
in the combustion chamber. It is then possible to calculate

the rate of burning per drop as a function of the thermel properties
of the propellant and the size of the drop. The assumptions
needed to give an algebraic solution are too drastic to permit of

. /quantitative



quantitative calculation of the rate of combustion of
any particular propellant system but should give an
indication of the dependance of combustion upon droplet
diameter and therefore periiit the examination of the
effect of changes in the mean droplet size and inhomo-
geneity of the propellant spray,

The process of atomisation depends not only on the
injector but also on the conditions existing in the com-
bustion chamber end on certain properties of the liquid
propellant. Since it will be more convenient to test
the atomising properties of injectors in the absence of
combustion and with liquids other than the propellaht for
which the injector has been designed, it is degirable to
discuss the effect of these changes on the degree of atom-
isation, and therefore the relation of the latter to the
conditions of operation. In the sccond section the
literature on the atomisation of liquids is reviewed with
particular reference to the effect of liquid properties
such as viscosity and surface tension and to the operating
conditions such as injection pressure, air density, ctc.

The third section reviews methods of measurement of
drop size in liquid sprays and discusses their applicability
to rocket injectors. It is desirable that the method or
methods adopted should be simple and speedy and of general
application to the varied types of spray which will be
tried in the early stages of rocket development. = It is
unlikely, however, that there will be a requirenent for a
purely routine method of checking the atomisation of pro-
duction types for control purposce in the same way as might
be requircda for, say, flow rote. Thie is becausc¢ small
differcnces in the degrece of atomisation will have a
ncgligible effect on the overall cfficiency of the rocket
motor. The need is more for a method of determining lorgc
diffcrences resulting from a change in typc or scnle of the
injection system in development work, and for rescarch into
the importance of atomisation and injcction methods in
rocket combustion. There is relotively 1little information
in the literature on this gubject, and whnt thcre ie lacks
%etail, suggesting the nced for further research in this

ield.
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SECTION I.
INFLUENCE OF DROPLET SIZE ON COMBUSTION.

In the last two decades a number of papers (1, 2, 3,
4) have been published dealipg with the influence of the
degree of subdivision of fuel sprays in compression ignition
engines. It has generally been taken for granted that the
rate of combustion of the fuel spray is directly related to
the total surface of the spray, and for purposes of comparison
between different sprays a mean diameter ie defined such that
the actual spray is replaced by & fiztitious homogeneous
spray, having the same ratio of total volume to total surface.
This mcan diameter was first used by the German cnginecer
Sauter (1)} and, to distinguish it from other mean diamcters
it is often termed the Sauter mean diameter; this is defined
as follows : ;

- 3
dg = Zﬂ"d‘ = BV ® (1)
S

J 2
Ejmﬁi

Where ni is the number of droplets having a diameter d4i,
and the summations are taken over the total number of droplets
N; V and 8 arc the total volume and surface respectively. It
is obvious that an infinite number of sprays have the same
Sauter mean diameter, differing in the range of dispersion of
the drop sizes about this mean, and attempfs wecre made to get
up some number characteristic of the lack of uniformity of thec
spray.

These early attempts (2) usuolly involved a number derived
from the standard deviation of the droplet distribution, no
methods having been developed for measuring the distribution
of droplet size in fuel sprays with any precision. In recent
years, however, in connection with the development of spray
nozzles for gas turbines (5) and oil furnacee (6), it has been
observed experimentally that tThc distributions of droplet sizes in
sprays from swirl type spray nozzlcs fit the¢ Rosin-Rammler type
of distribution law, first applied to pulverised coal dust (7)

which hag the form A

R- &) -

Where R is the cumulative volume fraction with diemeter
greater than d, and dp and n are the size and distribution
constants respectively; the diameter do is that above which

t/e™ of the total spray volume lies; the value of n defines

the 'spread' of the distribution and is found experimentally to
take values greater than two, the larger values of n indicating
more uniform distribution. Experimentally the relation has been
apflied to sieve fractionation of solidificd fuel droplete where
relatively largec samples of the spray can be examined nnd the
volume distribution is determined directly. For values of n
grenteg than two, most of the spray volume lies in the range

0.1 < % < 2.5 as can be seen from the tnble given on page 38 of

o

/Appendix A
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Appendix A to this report. It is shown there that, if the
cunulative volume distribution follows equation (2) then thc
probability distribution functions for other paramctecrs of the
spray such as surface, diameter and numbecr per unit volume,
can be simply cxpressed in terms of tabulated functions,
subjeet to certain restrictions upon the values of the dis-
tribution congtant n,

While it is neccessary to remember that an injcctor oper-
ating under combustion chamber conditions will form sprays of
morkedly diffcrent mecon droplct size nnd distribution from
those found in 'cold' tcets, it is plruseible to nmseume that the
form of the distribution low will be. similnr. Then if the
dependance of the rate of burning of the propellant drops upon
their size is assumed, the effect of ch'ngce in the gize dis-
conptant and distribution of the¢ spray can bc cxamincd. For
instance, if thc rate of burning of thc spray, rcferred to
unit volume of propellant, is proportional to thc surfnacc arcn
per unit volume

o
MR

wherc dg is thc Sauter mean diamcter ns defined inequation (1)
and k is a constant, the rate of burning thercforc incrcasce with
decrensing mean diameter, It can be shown (P,37) that for a
epray obeying the Rosin Rammler distribution low

di= -4 ()
. ey [}
where !(‘"4\ is the Gamma function defined ns
lhax) = %6 db, %S4

or as 57'1 +X) = (x)!

valuee of thie function crc¢ tobulnted (42)

Ag M oo, (i~ —> 1
and n >N )| U*ZD N O
) .‘
As n vorics between oo ond 2, '(V'4J increnges from 1 to

npproximately 2; thue the rate of burning of the epr~y incrcasce
with decreasing homogencity.  This refers to the initial rate of
burning of the propellant spray and this as R.P. Probert (8) has
remarked is of less importance than the stesdy state of combustion

/in
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in a chamber into which propellent is continuously injected.

If the time spent by the propellant in the combustion
chamber is unrestricted in the steady state a constant volume
of propellant will be burning with 2 volume rate of burning
equal to the volume ratc of input. The droplet size
distribution of the propellant and its combustion properties
will determine the volumc of propellant in the ccmbustion
chomber, The ratio of this volumc to the combustion chamber
volumc represents the density of loading of the combustion
system; 1it is plousible to assume that this, for o given
propcllant and combustion chamber and injector design, should
be held constant.

It is shown in Appendix A to this report that if the rnte
of burning normnl to the¢ surfacc of thc propellant droplcts
is indcpendent of their diameter, so that the overnll ratc of
combustion ie proportional to the¢ surface¢ arcn, then the _
varintion of diamcter of nny droplct with tiic cin bc cxprcesed
ag

dr—c!;-—k[' (4)

and the volumc¢ of propellant in thc combustion chruber in the
stendy stnte is

\/ = %-m-»%) (5)

assuming thnt the estatce of the propcllant droplct dietribution
2t thc moiment of injcction can be representcd by (2)

The voriation of thie volumc with throughput V and burning
constant k is to bc expccted. It is however, rcmark-blc gince

ﬁ?+%) is olmoet indcpendent of n for valucs greater than

twom that it should depend mainly on the gize constrnt do nnd
be but slightly affected by thc sprend of the distribution.

However, in ony practical case thc timc thot can be gpent
by any droplet in the combustion chamber ieg limitcd ond drop-
lete over a certoin initinl size may bc ejcetcd from the
combuetion chamber before thcy have burnt completely. It can
bc ghown that the fraction of the propellnnt spray injcctcd ot

timc t = o remaining unconsumcd at a time t>0O can be
rcprescnted ag :
kgt
W= a1
i {(a‘:'ﬂ L8)

agsuning thot variction of drop dicmeter with timc e-n be
reprcegentcd by
A_ 3B
d G C[.l "R K‘at
The form of the function depends upon the values of n and A

and cannot in general be given explicitly. Values of for
particular values of {kst]/dg.p and - n are best found from
o

/equation
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equation (28) (Appendix A) by numerical integration.
Values are tabulated below for a range of valuegs of n.

It can be seen that the fraction remaining increases with
decreasing n.

Volume fraction of injected propellant unburnt at time
t after injection as a function of n at kﬂt,/da-ﬂzl
(1]

N
2 3 4
! 1 0.10 0.069 | 0.050
g i_2 ! 0.011 0.044 | 0.0°19

This value ofP@tQ:ﬁ corresponds to complete combustion of

i ted
the homogeneous spray of droplet size dg. The figures quo
1ndicategn0 more than the relatively small e¢hange iﬁ efficiency to
be expected from changes in distribution or "spread" of the drop-
let sizes and the expected conclusion:

Thal for maximum efficiency with a limited time spent in the
combustion chamber the spray distribution should be as homo-
geneous as possible.

Similar conclusions have been reached by R.P. Probert for
the injection of o0il fuels into gas turbine combustion chambers,
The methods employed in Appendix A for the evaluation of mean
diameters etc., are generalisations of his methods for
propellant systecms wherc the rate of combustion of drops can be
related to their diameter by indicial equations of the gencral

s M = |<clﬁ

Probert assumes that the combustion in gas turbinc systems
is dependant upon the ratc of evoporation of the fuel which is
assumed to be governed by an equation similar to the peychro-
metric equation in its dependance on linear diiiension of the
drops, i.e. the rate of evaporation per drop is directly pro-
portional to the diameter.

Since it can be argued that combustion of propellants in
general is preceded by evaporation it is worth while examining
the applicability of this assumption to propellant systems.

The assumption that the rate of combustion of a drop of
propellant is proportional to the first power of the drop radius
implies that the raote of combustion per unit surface is in-
versely proportional to the drop radius. Applied to mono-
propellant systems this would scem to contradict €xperience, since
in internol ballistics, the rate per unit surface is usually
assumed to be independent of the geometricenl configurntien of the
urface, and the overall rate of combustion to bc proportional

o the total surface area. This cpparent contradiction can be
resolved if we examine the process of combustion in relntion to
the linear scale of the combustible drop. It will be sheown

thnt
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It will be shown that thc two posesible relations for thc ratc
of burning of a drop of monopropellant fs:zl or 2

arc limiting forms of the relation bectwcen rate of burning ond
linear dimension.. If one imngines the liquid drop to be
surrounded by two zones then at the surfoace of the drop
evaporation occurs, in the first zone the vapour is heatcd to
its ignition temperaturc, and in the second, reaction occurs
with thc liberation of heat, part of which ieg conducted bock
to the surface of the liquid to maintain the evaporation.

For convenience, it is assumed that a steady state has been
reached in which the heat conducted back is just sufficient tc
evaporate the weight of liquid consumed in the reaction, go that
the temperature of the surface of the drop is constant.

It is probable that such a steady state is realised, sincc if
the reaction zone is displaced towards the liquid surface,

the heat conducted back will increase, the velocity ‘of efflux
of vapour will increase and the reaction zone will move away
from the surface towards its initial position.

It is assumed that this constant surfoce temperature is
equal to the boiling point of the liquid under the combustion
chamber pressure and that the temperature distribution in the
interior of the liquid is constant. The thermal diffusivity
of liquids is of the order of 10~4 cins?/sec so that the surface
temperature will fall rapidly towards the centrc of thc drop
and it will be convenient to include the heat required to raise
the liquid from its initial tempernture to the surfrcec temper-
ature in the heat of vaporisetion. The problem is then to
solve the partial diffcrentinl equations of heat and mass flow
in th¢ zone outside the liguid drop with certnin boundary
conditions, Since we nrc intcrestcd in the varintion of rate
of burning with droplet diametcer rather than in calculeting the
absolutc ratc of burning, and since the form of thec cquations
renders an exact solution loborious, the problem has been sim-
plified by the assumption of a temperature below which the
reaction is zero. This temperature is termed the ignition
temperature, although it has no relation to the temperature of
ignition as usually measured. Above the ignition temperature
it is implicitly assumed that the variation of reaction rate
with position can be approximated by a simple function of the
distance from the surface, although this function is eliminated
from the final result by referring the rate of combustion of
the drop to that of a plane surface. If we than make the
further assumptions that the ignition temperature and the rate
of reaction at that temperature are independentof the radius of
curvature of the propellant surface, and that parameters such ag
thermal conductivity and heat capacity can be assigned a mean
value independent of temperature, the following relation can be
derived (see Appendix B)

2=+ 2 %—L,j‘i +J(ﬁ1°+2-27¢%‘§;&) -4 %Jgﬁi (7)

when m and mg are the mnse ratcs of burning per unit surface
for a drop of diamcter d ~nd a Planc surfrce rcspectively.,

/To
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L
Cp(T-To+ )

and 69;= »
To being the surface temperature °A
Ty the ignition temperature °A
L the heat of evaporation per unit mass
Cp the mean constant pressure specific
heat of the propellant vapour (between
To and Ty) per unit mass
Nis the mean thermal conductivity of the
vapour between To and Ty
Putting 2)3hG; = @ it can be seen that if
d))%f'?o o~ A+ ¥ 2, (7a)
and if B J . Ve
SRS
It can be shown that %%o is the width of the zone in

which the propellant vapour is heatecd to the temperature Ty in
the burning of a plane surface. The rate of burning of the
propellant drop is thus dependent on the surface area or on the
diameter according to relative order of magnitude of the size

of the drop and the width of the heating zone for the cage of a
plane surface.

The value of éi will depend upon the properties of the
particular mono-propellant considered; it will obviously
incrcase with decreasing rate of burning. The latter quantity
can in theory be measured experimentally but the values for
actual mono-propellants are not known with any accuracy. For
the purpose of illustration it is sufficicnt to aseign nominal
values to the rate of burning, and the phyeical constants con-
tained in © . If we take methyl nitratc as an cxample it
is considercd that the following valucs are plrugible ot n
pressurc of twenty atmosphcres.

g = -1 gram/cmsg sec. N = 1074 cale/cms? sec.© grad.
L = 100 cals/gram. Ty = &569%,; T3 = 850°A,
Cp = 0.5 cale/gramo.' @; = 3.5 and éi;z—%u

There is a certain amount of experimen

of fg,

tal evidcnce for the value
the value of Tj however is very speculntive. There is

indirect evidence tha
systems occurs at tem
Semenov (9), Wolfhard

t the bulk of the reaction in combustion
peratures close to the final tempcrature,

have calculated thc temperature and exte
of the distance from the propellant surf

and Klaukeng (10) . Boye and Corner (11)
nt of reaction as a function
nce for the burning of

colloidal propellants; it would appe
of the rate detenminiﬁg rcaction t?ﬁc

Fortunately 43 is relatively insensi

T g

ar thot a negligible fraction
8 place below 850°a,

tive to changes in the value

/of



of Ti. The values of A, Cp, etc., are probable by analogy
rather than by experiiient, and the computed value of ¥fn,

should be taken as an order of magnitude rather than a
numerical value. The inference ie that the assumption that
the rate of burning is directly proportional to the surface
area is true only for propellant drops above about 200 4

in the case of methyl nitrate. It is thus open to question
whether this law can be applied to the spray distribution
c¢xisting in rocket combustion chambers, particularly since
although representative injectors are found to give sprays
under atmospheric conditions in which the bulk of drops be
between 100 and 400 4 , the distritution under combustion
chamber conditione is unknown. It is probable that the
increcase in temperature of the ligquid will decrease the menn
dinmeter and thc spread of the distribution by decrensing the
liquid surface tension and viscosity, but the changc duc to

the anlteration in gas flow conditions cannot bc estimnted.

If it is assumcd thnt the bulk of the propellant will have drop
diometers in a range between 10 and 200 4 neither of the
approximate forms (7a) of the burning lnw will apply. The
form of cquation (7) makes the calculation of the burning
characteristics of the distribution by the methods outlined

in Appendix B and referred to in the first part of this section
somewhat tedious. It can be shown however, by a log/log plot
of m against d that the rate of burning pcr drop may be
expressed with fair accuracy within a limitcd rongc of diamectcr
by a relation of the form
A

M = kd (8)

where g? has o valuc bctween one and two

Thus for "P/'T;'To =% 5/_4
M=k.d“, 1 (A< 1ou
and M = k?f:l"s 5 10<d (zoop

By the use of these approximations the relations deduced in
Appendix B for the relevant mean diameter, volume of propellant
in combustion chambcr, volume fraction unconsumed aftcr a
certoin time, ete., can be extended to droplet size ronges in

which the limiting forms of the combustion equation are innde-
quate. -

So far we have not considered the possible effect of any
relative motion between the propellant and the combustion
chamber gnges. In order to achieve a state of atomisation the
propellant is given an initial velocity of the order of some
tons of metres per second; as it proceeds along the chomber
the propellant spray is decclerated by resistancc forcce, and
the combustion chomber gases are accelernted both by thc shored
momentum of the spray nnd by the conversion of chcimienl encrgy
into thermal and translational cncrgy. Although thc relntion
between the resistance forces nnd the drop dimensions ond rel-tive
velocity nrec known for conditions under which no combustion
takes place, it will probobly be congiderably ch nged for the
case of o burning drop, sincc thc burnt gnses may hove a velocity
norianl to the surface of similar ordcr to thht of the mesn
rclative velocity between the drop nnd the corbustion chomber
gascs,

/However
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However, it can be concluded that any relative velocity
will have been reduced to a low order for the gregter part
of the combustion (it will be noted that the dece;eraplng force
is inversely proportional to some power of the drop diameter;
therefore this conclusion becomes more likely the smaller the
mean drop size of the spray) and the residual relative .
velocity will have only a small effect upon the combustion

of a mono-propellant spray.

Thie last conclusion is not, however, likely for bi-
component propellant systems, where fuel and_oxidgnt‘are
injected separately, and the ratc of combustion will depend upon
the ratec of mixing of the two components. Then the flow
conditions in the combustion chamber become of grecat importance.
Since these are not amenable to calculation, a detailed analysis
of’ the conbustion is not practicable, and such conclusions as
can be drawn are general, and only approximate. The rote of
combustion at any point will be proportional to the product of
thc concentrations of the reactants at that point, and a stablec
zon¢ of combustion can bec formed only wherec n balanced and
constant rate of supply of cach component is possible, The
latter'will depend upon the initial ecvaporation and subsequent
diffusion and convection of each component from the liquid
drops to the combustion zone, and it is pertinent to examine
how these processes depend upon the diameters of the individual
droplets.

S8ince the equations determining heat flow and mass flow
are similar in form, the requirement for a simultaneous solution
of these equations will not affect the order of the dependence
upon the dimensions of the system, and only one need be considered.
The rate of mass flow across a spherical surface eoncentric
with the drop, within which the rate of reaction is inappreciadle,
will be directly proportional to the radius of the drop only if
the distance of the surfacc from thc drop is largec compared to
the drop radius; thus the linear dependence of evaporation
upon drop size assumed by Probert will hold only if reaction
occurg at a distance from the drop largc compared to the drop
radius; as the rcaction zone distance approaches thc drop
diameter, the rote of evaporation will become proportionnl to the
surface area of the drop.

Under conditions in which the drop has a relcotive trone-
lational motion with respecct to the gnseous medium, the rate of

evaperation is increased by o term which is dependcent upon the.
Reynolds number of the flow conditions.

From measurements of the rate of evaporation from spheres
in e flowing medium by Frozling (12), Kresmers (13) has obtained
the following relationship between the dimensionlegcs numbers
representing the rateof evaporation, the flow conditione and
the properties of the gaseous medium:

0 = 24055 (R (RY)' (9)
for 2{ Re<800 and 0-6{P{27

where m is the rate of evaporation per unit surface per unit
concentration difference and d the drop diameter, D %he diffusion
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coefficient. The Prandl number Pr, representing the
properties of the gaseous iedium, ie defined as ;;%:,ggp
$ A

)\being the thermal conductivity and V the kinematic
viecosity, and the Reynolds nuiber representing the condition

of flow as
Re = %

being the relative flow velocity.

The constant term in equation (9) is equivalent to the
psychrometric equation where the overall rate of evaporation is
proportional to the drop diameter; as the Reynolds number
becomes large the second term will contribute a term varying
with the three halves power of the drop diamcter. Since for
most gases and vapours thc Prandl number is of the order of
unity, the second term will bec appreciable for Recynolds numbers
greater_ than one, For kinematic viescosities of the order of
2 x 107+ c.g.8. and drop diamcters of 200 this condition will
arise if the relativec velocity is grcatcr’than onc metrc per
gecond. Thus it is unlikely that under combuetion chamber
conditions a linear dependence of ratc of burning upon droplct -
diamcter will hold.

It is doubtful whether it is possiblc for multicomponcnt
propellant systeme in genceral to go furthcr than the statcment
that thce rate of burning will incrcrsc¢, nd thc time for com-
bustion deccrcose with decreasing mean drop esize of the componcnteg,
Apparent exceptions may be found even to this generalisation,
for instance with reacting bicomponent systems injection in the
form of a spray could be disadvantageous compared with simple
impingement of the two liquids if the energy released by partial

reaction has a more powerful dispersing force than any physical
means.

/SECTION II.
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SECTION II.

THE ATOMISATION OF LIQUIDS; A REVILY.

The influence of the phyeical properties of fuels upon
the statc of atomisation produced by various injection methods
is important, both from the standpoint of injector decesign, and
for the testing and comparison of differcnt individual systems.
In many cases it will not be deeireble in "cold" tests to
use the propellant for which the injcctor was designed, but to
uge a liquid which is eimilar to the propellant in the relevant
physical properties or, to adjust other more caegily variable
parameters in such a way as to give a dynamically similar system.

In the past twenty years a considerable amount of research
has been done on the effect of design, opernting conditione and
the physical constants of the epraycd ligquid on gpray character-
igtice, notably by Lee (14) on injectors for Diesel engines,
Hottel (15) on spray nozzles for oil furnaccs, Nukiyona ond
Tamagava (16) on air atomisers, and in England by Shell, Lucne
and N.G.T.E. on injcctore for gaes turbines. A comprehenegive
review of fuel sprny phenomena relating to internal combustion
engince has been made by Muraszew (17) and nn cxtensive liet of
references is given by Roesch and Rose (18).

However, in spite of all thie it ies clear that the precise
relations between the degrec of atomigation and the possible
variables are still unknown; in view of thc apparcnt complexity
of the process, and the tcchnical difficultics of isolating one
variable from another, thies is not surprising. The nccessity
for the statietical trcatment of rcsults is apparcnt, since thc
size of any particular drop ie not uniquely dcterminced, but
governed by a probability reclation; thie must be bornc in mind
when conegidering the rclationehipe that have been put forward
as governing atomisation, and explaineg the fact thot, whilc thcre
is gencral ngrcement on the direction of the variation of mean
droplet size with the various parameters, there is very little
on the magnitude of the variation. Further, many of the
results quoted in the literature are applicable only for the
conditions and techniques cmployed in the original rescarch.

It is, nevertheless, agrced that no fundamental difference
existe in the mechanism of the three most common methods
employed for the atomisation of liquids, namely, 'solid' or
high pressure injecction, centrifugal injcction, and air or gas
atomisation. Thesc differ chiefly in their ficld of applic-
obility, and the method used for initial dispersion of the
liquid. The forccs causing atomisation are the inertia of
the liquid and the rcsistance forces between the liquid and
gnseoug medium, The first process relies on turbulcnce to
sprend the liquid into high velocity shects, so that the resist-
ance forces may complete the process of antomisation, and requires
high injecction pressures to give thc high flow velocitiee re-
quired; the second, ns its nomenclature would imply, uses
rotational forcesg to achicve the initial dispersion of the jct,
and therefore opcratecs with only moderate pressure heads; the
last mcthod imparts the high vclocity to thc gneseoues mcdium, nnd
needs only a small liquid preessure hend; it is most ueseful for
low rates of liquid input, ond for combustion systems containing
onc gageoue component. With corrcct design ~nd choicc of

opcrating conditions, 2ll thrce mcthods will give cqunl decgrecs of
atomisation.
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; The theory of the break up of liquid jets has been
examined by Rayleigh (19) who concluded that for a column of
liquid in a state of unstable equilibrium due to the action

of capillary forces, the wave length of the disturbance lead-
ing most rapidly to disintegration is given by N\ = 4.508 x the
diemeter. This was confirmed by observations on low velocity
liquid jets which showed a rotationally symmetric periodic
variation in diameter, increasing with increasing distance
from the orifice, until individual drope were formed by rupture
at the constrictions; the wave length of the disturbance, and
therefore the diameter of the drops formed was found to be
proportional to thc jet radius.

By the use of spark photography, Hoenlein (2) discovercd
that at higher jet velocities the periodic contraction of the
Jjet bccame rotationally nsymmetric, and at still highcr
velocitics, was replaced by n wave-likce jet of constant croes-
scctions, which tendcd to brcok at the crests and the troughe
through the action of air resistancce in incrcneging the amplitude
of thc wave; with incrcasc of velocity, » criticnl value wns
rcached, ~t which the disruption of thce jet into drops appcnred
ta occur at the orifice. Castleman (21) explained the latter
proceseg in terms of the Rayleigh theory of the instability of
liquid jets by assumning that small portione of the jet surface
were drawn out by air resistance forces into fine ligaments,
which then broke off from thc main surface and contracted by
surface tension forces into small drops. This was contrary to
current theory, which supposed that high pressurec injectors
relied on the internal turbulence, and the suddenly relcased
pressure energy of the liquid, to effect atomisation, so that
the mechanism was esgentially different from that of air atom-
isation, and would occur even in vacuo.

The experiments of Lee (22) on spark pPhotomicrography of
diesel engine sprays showed that Casteman's views on atomisntion
were essentially correct; . he observed that, at low (one
thousandth of atmospheric) air densities, the jet is sprend out
into sheete by orifice turbulence, the influence of orifice
conditions and liquid viscosity and velocity becoming very morked;
but that the sheets collapse under the action of surface tcnegion
forces to give a relatively coarse 8pray.

As the air density is increased, the stages in drop form-
ation, proposed by Castlemnan, are observed; the distance from
the orifice within which a sable state of atomisation is
reached decreases; at normal air densitieg the effect of
increasing density is more on this distance than on the finsl
degree of ‘atomisation, and at high densities the effcet of
‘rifice design and fuel viscosity is gnall, except in so far as
they may decrcase the initial jet velocity,

Lee studied the spray formation, both by direct photography,
“and by thc collection, mcasurement nnd counting of the drople%s
formed, varying the orifice design, the liquid injcction pressure
head, the chamber air density and the viscosity and surfoce
tengion of the liquid spray. Hig conclusions wcre sumirriscd
as follows: "When other varinblcs arc held constant, thc degrce
of disintegration of thc jet (a) increnses with. the distance
from the nozzle, until the disintegrating forces duec to the
relative velocity between the nir nnd the fuel arc no longer
suff;cicnt to overcome thc resisting forces duc to the surface
tension and viecosgity of the fuel , %b) increnscs with increange
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of air density; (c) incresses with increase of jet velocity;
(d) decreases with increase of orifice diameter; (e)

decreases with increase of fuel viscosity; (f) decresses with
increase of fuel surface tension; (g) increases with increase
of fuel turbulence, Fuel turbulence accelerates the dis-
integration of the jet by ruffling its surface close torthe
OrifiCﬁ, but has relatively little disintegrating effect in
itself",

Lee, probably wisely, did not attempt to formulate any
precisec relationship betwecn a mean dropsize and thce other
paramcters; such attempts as have been made by other workcrs
arc based upon a somewhat crude dimensional analysis,

It is assumecd that therc are two forces, the inertia of the
liquid and air resistancc, tcnding to brcak up the jct, while
Viscous and surface forccs regist disintegration., The se
forces may be expressed dimensionally in terms ofia velocity,
a representative length, the surface tension, viscosity and
density of the liguid and density of the gnscous medium

(the effect of the viscosity of thc gaseous mcdium is nesumcd
to be negligible). Then;

Al
(1) the inertia force given by lv]ﬁ%* hos
. _ . 2 i L
dimensions  s| %44
s %
(2) ‘the cir resistonce force given by kgA?’f has

-

dimensions 23 B
e ."'G L 4-;

(8) the viscosity force given by ;hgdqg —
dimensions paR £~ dL

(4) tne gurface tension force given by YL  hne
dimengions YL-

In the orifice, ond at low air densities, terms (1) and
(3) may be taken to bec predominant, and the condition for
dynamic eimilarity ie that their rotio ieg constant

Lw _
-

In the orifice L con be identifiecd as the orifice radiug ond
condition A implies that the Reynolds numbcr of the flow

ghould be held constant, i.c. an inereansc in fuel viscogity

can be compensated by incrcasing the flow vclocity, maintnining
the same typc of flow nnd degrec of turbulence in the erifice,
In thc free jet, L con be taken to be the drop dincmcter ~nd

it has been asgsunecd that, for viscous liquide nt low nir
densities, thc most probble drop di-mcter is directly pro-
portionnl to the viscosity, ond inversely proportion~l to the
Jjet velocity.

Condition A.

At higher air densitics, terme (2) and (4) will prcdominate,
and thercfore we obtnin

Condition B. _X_

RLW
This implies thrt the most prob-ble drop gize will be directly
proportional to the gurfrcc teneion, nnd inversely proportional
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to the air density and the square of the jet velocity.

It should bec remembered that ratio B is constant only when

the Reynolds number with respect to the gaseous medium is
high, and the resistance of the medium is independent of the
Reynolds number. Treibnigg (23) considered this condition

to hold for the maximum possible drop size since, for
stability, the average air pressure over the surfacc of the
drop must be balanced by the surface tension pressure.
Scheubel (24) modified this condition by introducing the ratio\

between surface¢ tension and viscous forces, i.c. d='FUi\ArQ§'
g,

but did not check the relationship between drop sizc F

and viscosity experimentally.

¥

;f)

Sage (25) found that the reciprocal relationship between
drop sizc and seir density was spproximately true for high air
densities, but that there was a smaller rate of increasc of
drop size with decreasing density at atmospheric densities,
Lee (26) and Retel (27) found that the mean drop size foes
through a minimum value as the air density is increased, but
this conclusion hag been criticised on the grounds that, in
Retel's experiment, the increase in drop size may be due to
decreasing jet velocity, since he was operating with a fixed
injection presesure, and in Lee's case the high spray density
obtained may have favoured re-combination of the drops.

Sauter and Scheubel found the drop size in airp atomisers to be

approximately proportional to the surface tension, and inversely

proportional to the square of the air velocity. Nukiyama and

Tamasava (loc.cit) quuced the following empirical formuln :
_O4%

Rl (ge) o

where Q1 and Qa are the volume flow rates of liquid and air
regpsctively.

Lewig and Richards (28) have concluded- that Sauter's data
do not conflict with this equation. They also find that,
although as it stands the empirical equation of Nukiyama and
Tamasava is not dimensionally homogeneous, with suitable
assumptions to obtain the appropriate value of Qa, it gives
the correct order of magnitude of drop size when applied to
pressure and centrifugal injectors,

Merrington and Richardson (29) studying the break up of
both stationary jets and jets discharged from nozzles having a
velocity with respect to the air, found that at high air/liquid
velocities the volume medium drop size at a large diestance’
from the orifice woe independent of the orifice diameter and
of the surface tension of the 1i uid, and was proportiona o
the one fifth power of the liquid viscosity, ngd Envcrsel; ;ro—
portional to the velocity. The range of viscoegities studied
wag 0,004 to 10 Stokes. At low velocities the drop size wag
dependent only on the diznster of the orifice and not on the
properties of the liquid, cxcept in the cage of large drops
when break up occurred during the time of fall, ;

With pressure and centrifugal injectors, the liquid/nir
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velocity is not measured directly, but must be calculated
from the liquid density and the pressure drop across the
nozzle by msans of Bernoulli's equation

9= |

2.0P
R

In the case of viscous liquids the actual velocity will be some-

what less than that given by this equation, owing to_the

dissipation of energy in the orifice, For plain orifices it

ig possible to calculate the velocity from the volume flow rate

(11)

Cl:\kAyea.iEﬂ£%§\

where k is the discharge cocfficient, and is thc product of the
velocity coefficient, i.c. the ratio of the actual vclocity to
that given by Bernoulli's equation, and the contraction co-
gfficient, which is the ratio of the jet area to the orifice
arca. At Reynold's numbers grecater than the critical value
(2,000 - 3,u00) the contraction coecfficient can be taken to be
closc to unity and the velocity coefficient equal to the
mcasurced discharge coefficient. The latter has a usually
constant value of between 0.7 - 0,9 ahove the critical Reynolds
number, the actual value depending upon the orifice length/
diameter ratio and fluid viscosity.

With centrifugal nozzles the contraction cocfficient is
usually less than unity, due to the presence of an air core in
the orifice, and is a function of thec viscosity. It has been
shown by Watson (30) that, ncglecting viscosity, the discharge
coefficient can be calculated from the ratio of tangental to
axial velocity imparted to the liquid; and therefore from the
design of the nozzle. Thue it might be possiblc to cstimate thc
velocity losses from the ratio of the actual to the calculatcd
discharge cocfficient.

However, Taylor (31) has shown that, cven for liquids of
kinematic viescosities of the order of that of watcr, thc major
part of the liquid flow forms a boundary laycr, and it would
appear from hies calculations that constant diechrrge co-cfficients
and similarity of flow will only obtain when the Rcynolds number
is kept constant. In view of this, it is not easy to compore
the rcsults of investigntore on centrifugal nozgzles, where the
drop eizc¢ is representcd as o function of thc pressure drop
across thc nozzle with the equations relating drop size to
relative veclocity oand other paramcters. Hottel ond Longwell, -
using centrifugal nozzlces hoving cone angles between 60° and 120°
with burning 92ils having viscositics between 0.1 o2nd 0.9 stokes
at injection pressurcs between 50 and 300 pounds per square inch,
found that their resulte could bc cxpresscd as:

dotin® & i
% AR (12)

do being the mean drop size defined by the Rosin Rammelin
equation 74\ *
\aﬁ

R=e

r, the radius of orifice and o is the spray conc anglce. The
latter ig iteelf dependent upon the viscoeity, dcerensing by
about 20% over the ronge of viscogitieg studicd.  The introduction
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of the term Sin %ﬁ which helps to linearise the dependence
of drop diasmeter on orifice radius is justified by Longwell
on the grounds that the thickness of the conical sheet of
liquid, formed at a distance 1 from the orifice along its

surface, is proportional to ﬂ&b(r—galfxfgm%_

where to is the thickness at the orifice. Then, if it is
agsumed that the size of the drops formed by break up of the
sheet is proportional to its thickness, and if to is very much
less than rg, i.e, if the discharge coefficient is small, then

dosin?s %Mf

7~ -

i.e, inversely as the ratio of the length of the liguid sheet
to its thickness at the orifice. This ratio is assumed by
Longwell to be independent of the scale and design of the
nozzle, and to be a function only of the injcction pressure and
liquid viecosity. However, if the initial thickness is
independent of pressure, as it should be if the discharge co-
efficient is constant, the 1l.ngth of the conical sheet should
inerease with increasing pressure to effect a decreasge in drop
Bize. Thigs is not borne out by observation, for whereas the
pressure increases, the point of break up of the sheet
approaches the orifice. Work in England has led to the con-
clusion that the drop size is a minimum when the cone angle is
about 90° and is not linearly proportional to the orificc size.
Needham (32) has concluded that, for a number of injectors of
this optimum angle, the drop size can be expresscd by

025,

! | do‘"‘c'%@r _ - (18)

where the pressure range covered was 6 to 125 pounds per square
inch,

[2.AF )
gince {) = kel "o
ikt oV i
(14)
4 25
- C O
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This apparent divergence of opinion on thc¢ dependence of
drop size on orifice size and injection pressurc is no doubt
due in part to different methods of trecating the data, but it
is indicative . of the difficulty of formulating a gencralised
theory of atomisers of even one type, the centrifugal mozzle.

For the testing and comparison of rockct injecctors, it is
clcar that there is not yet enough information availeblc on
the effect of the physical propertics of liquide on drop size
to pcrmit the simulation of onc¢ liquid by another, allowing for
the change in one property by ndjustment of another. If, for
reasong of convenience, it is desired to use a subetitute liquid
each relevant physical property should be reproduced as closely
ag possible. In so far as the propertics of the gnscous medium
into which the liquid is sprayed are concerncd simulation is not
poeeible. In the combustion chamber the gae density may be
from two to four times that of air at atmospheric pressure.
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The mean gas temperature niay lie between 1000 and 2000°CA,
therefore the gas viscosity will be soine four to eight times
larger. The changes in the kinematic viscosity will be

rather less owing to the increased density. The effect of

the increased temperature of the licuid on its vigcosity and
more particularly on its surface tension must be considerable.
The surface temperature of the liguid will be equal or ncar

to the boiling point under the combustion chamber pressure;
this may approach the critical temperature at which the surfacc
tension vanishes.

The flow condition in the gaseous medium in a combustion
chamber will differ considerably from those of an unignited
gpray in thc open air. It has becn observed that the shape
and distribution of spraye are modified by the shapc and size
of the chamber. Further, under conditions of forced evap-
oration the vclocity of flow normal to the surface of the
liquid may bc comparable to the tangential velocity between the
ligquid surface and the gascous medium; this will reduce thc
resistance forces tending to break up the drop,

It is not possiblc to assess the overall effect of thesc
conditions on the atomising properties of an injecctor and
there seems to be o wide ficld for experimental rescarch into
the functioning of injectors under conditions appro~ching thosc
in the combustion chamber,

/SECTION III,
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SECTION III.

THE MEASUREMENT OF SPRAY DRQEﬁﬂT SIZE; A REVIEW.

It is obvious from the preceding discussion that, while
knowledge of the drop size distribution of injector sprays
is desirable in so far as size distribution must affect the
efficiency and extent of the combustion, and while it will
be profitable to attempt to correlate this information with
proofstand tests, a high degree of accuracy is not required.
On the other hand in view of the uncertainty as to the order
of relationship (quantitatively) between drop size and com-
bustion characteristics it will be desirable to measure the
size distribution rather than any mean parameter such as specific
surface.

Bearing these facte in mind, it is useful to review briefly
the methods, both direct and indirect, which have been used to
measure drop sizes in sprays. In the former the droplets in
a reprecentative sample of the spray arec caught, measured and
counted, while indirect methods rely on the measurement of a
property of the spray which can be related to somc mean dimension.
The advantage of direct methods ie the case with which
digtribution curves can be obteined from the data. The dis-
advantages are the cxcessive time and labour required for the
assesauient of the spray, technical difficulties in catching the
spray in a form suitable for measurement, and the sampling
problems which arise for non-homogeneous sprays.

On the other hand indirect methods in gencral do not give
any information con the dispersion of drop sizes about thec mean
value, require considerable ingenuity for application and are
liable to somewhat large instrumental errors; but rcsults
can be obtained without the expenditure of excessive time and
labour after the initial setting up of the apparatus.

The direct methods of spray droplet size determination used
by previous investigators (33) differ mainly in the means
adopted to catch samples of the spray in a form suitable for
subsequent counting and measurcment of the individunl droplets.
The simplest method is to expose a glass micrcscope slide to
the spray for such a time as to give a convenient density.

If an uncoated slide is used, the liquid drops wet the glass
surface forming plano convex lenses of which the volume can be
estimated from their diameter and focal length. This method

is tedious and can only be successfully applied to non-volatile
ligquids; further the droplcts must not exceed a certain size

or they will tend to break up on impact with the slide. A
simple method which can be applied to larze drops is to catch
them on sheets of absorbent paper, the liquid is preferably dycd
so that the staine, which can be previously calibrated using
drops of known size, are easily observed (29).

Slides cecztcd with a leyer of viscous liquid in which the
droplets. embecd thcmselves, retaining their spherical shape, hsv:
been used for poth oily and.aqueous sprays, gelatinised
glycerine and mixturceg of paraffin jelly and paraffin oil
respectively being employed. If the medium is previously
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saturatcd with the spraycd liquid and the slide covered with
a cover slip after cxposurc, the rccords arc stoble over a
pecriod of several dnys and even the smallcst droplets can be
observed.

Surfaces coatcd with carbon and magncsium oxidc smoke will
show identations due to the impact of droplcts which may be
relatcd to the sizc of the droplcts by previous calibration.
Slides coated with a soluble dye hnve beecn shown to be sensitive
to droplets of thc order of 1u . Dobie (34) has used dishes
containing castor oil dilutcd with alcohol to give a dengity
similer to that of the sprayed liguid and has also caught the
droplets on photographic plates coanted with an oil and vasclinec
mixture obtaining o permanent record by subsequcnt exposure to
light, removal of the oily film with ether nnd development of
the light sensitive emulsion,

These methods need some form of mechanicnl shutter between
the gpray and the slide if a density, smnll enough to prevent
conlescence of the drops upon the slide, ie to be obtained.
With dense spraye and short times of exposure there will be a
danger of break up of drops upon the edges of the shutter, and
with droplet diameters of the ranges existing in injector sprays
there ie n high probability of break up of the larger drops on
impact with the slide. Although the method lcnds itself to
the simultoneous determination of variations of epray deneity
and droplet distribution at various pleancs in the epray volume
it ie not considered that it is of gcneral applicntion for
injector testing.

An ingenious mcthod of catching the spray in o form suit-
able¢ for either direct ossessment or for the indircet
detcrminntion of surfrce area hag been used by Longwcll in
America nnd by the Shell Loborntories in England. The former
has collected oil sprays in a freezing bath of go0lid carbon
dioxidc¢ dissolved in alcohol; hc oil droplcts solidify nand
the particle size distribution is obtained by froetionnl gicving;
the use of low temperaturce hos obvious disndvontngecs on the
cxperimentnl side. Joyce (5) hns exrmined the gprayes produccd
by gas turbinc injectors by substituting for thc fuel uescd
operationally, a suitable grrde of paraffin wox hented to such
2 tempcrature thnt it hos physienl properties similor to the
fuel. The liquid wax sprny solidifieg in flight ond the wax
particles arec collected in water. They may then be fractionally
gicved, or mecasurcd and counted on a microscopc slide (35).
Successful attempts have been made to suspend thc particles in n
suitable liquid and determine the specific surface by meaguring
the optical transmission of the suspension and it is possible
that the size distribution curve could be obtained by sedi-
mentation (36).

This method has the considerasble advantage that the sample
obtained is representative of the whole spray, and with the
sieving method can be made much larger than is possible with
methods involving counting, The validity of the assumption
that the solid paraffin wax spray is identical with that given
by liquid oil is open to question: it will depend on the rate
of cooling of the spray and the time taken for a stable state of
atomisation to be reached. Hollow wax droplets have been
obgerved in wax sprays, duc probably to the slight solubility
of the pressurising gas in thc liquid wax, and it would seem
desirable that a check against a mcthod of known accuracy, using
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iquid wax and the operational liquid, should be made
gg%%r% %he method can be accepted as reliable. It is not
very suitable for sprays of high droplet density wperg partial
coalescence of the wax spheres tend to occur, and 1@ is
difficult to see how this method can be applied to injectors
designed to operate with liquids resembling water in their
physical properties, or for impinging jet atomisers.

The @ifficulties inherent in the application of the above
methods to injector -sprays have led to the study of the
possibilities of photography of sprays in flight, using high
intensity short duration illumination to "freeze" the droplets
in space. Although spark photography has long been uscd to
obtain information on the mechanism of atomisation, it does
not seem to have been much used for the measurement of droplet
gizes, probably because the demands for high resolution and
large depth of field are irreconciliable. However, the
advantages in flexibility of application of this method are
considerable. In distinction to most other methods, thcre is
no interaction between the subject and the method of observation;
it can be applied to any point in the spray; in rockct injectors
considerable interest may bc centred on the unstable states of
dispersion close to the orifice or at the point of impingcment
of jets. Providing transparent windows can bc used, it can be
applied to atomisation under conditions other than atmospheric,
and in high velocity gas streams. Simultancously with drop
size determinotion it will give information on the spray
density at any point and with slight modification on the droplet
vclocities. The main non-technical disadvantage of the method
as applied to injector aseessment lics in the tendeney to focus
attention on the individunl droplet at n certain point in spnce
and time, whereas the time averagc over the total gpray volume
ie more relevent. This necesgitates cnre in gsompling inhomo-
geneous or intermittent sprays.

The experimental difficulties lie in the use of ultra short
€xposure times to prevent blurring of the image of the drop by
its motion relative to the camera and obtaining adequate reso-
lution without excessive limitation of the depth of field, The
first is not a serious problem at thc presecnt time; for a drop
moving with a velocity of ten metres PEr second an exposure of
1 micro second will limit the movement during exposure to 10
micron; seince a limit of resolution of the order of 20 micron
is adequate, the exposure time of one or two microseconds, given

by standard JArditron' equipment, should be satisfactory for
most sprays.

The sprays encountered in injector research contain droplets
having diameters of between 50 and 1000 micron; the weight
fraction of spray outside this range is small and for any
particular spray the bulk is contained in a ten or twenty fold
diameter range. Thus for convenience in measurement a ten to
fifty fold linear magnification will be required.,

For several recasong it is desirable to pcrform this magni-
fication in two stages, using a magnification of about two on
the photographic platec and obtaining the deceircd degree of
€énlargement by subsequent projcction. The illumination of the
image is related to brightncss of the sourcc B, th¢ numerical
ﬁpgrtgic oflthe objective N.A; and the degree of magnification
I by € relation: 2 .

3(N-A
E I = C. BM ') (15)
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Tne level of alluminntion rcquircd is deteriined by the specd

of the emulsion used, nnd to obt~in high controst this is kcept
low. In view of the short cxposurce nceded the source bright-
ncegs used is the moximum obtain~blc. In order to obtin
maxirmum depth of ficld the nuwierical ~perture is mrde smnll
gsubjcct to the limitation of diffr:.ction cffccte; thus it is
necessary to restrict thc initinl degrec of magnificntion. A
lower 1limit for this is fixed by the resolution "nd grain gizc
of the emulsion, the former for procecss cimulsions is nbout

tcn{u , and although the recquirecd degrce of resolution is unlikce-
1y to bc less than twenty 4 it is undesirable to hnve an initial
magnification of less than unity. Furthcr, the projection
distonce beccomes inconveniently long if seccond etnge mognificn-
tions of more than fifty are rcquired.

The depth of focus is determined by the degrec of resolu-
tion rc¢quired; the indeterminacy in the mcagurcment of the
dinmeter of a spray droplet will be approximntely equal to the
resolving power, i.c. thc least dietance between two object
points at which they may be distinguished. For a gpray of
weight median dinmcter of two hundred micron, 2~ recsolution of
twenty micron ie sufficicnt, The depth of rield is reclated
to the circle of confusion z, and the numerical aperture N.A.
by the relation:

J d = —&—
M.(N.A) (16)

while a relation exists between zl, the limit of resolution,
N.A. and the wave length of the illumination A , representing
diffraction by the operture:

-

I
ZzZ =

0,

£ "\%M (17)

There is no object in using n eirecle of confueion z lcss
than le, thereforc, €liminating N.A. from cquations 16 and 17.

~ (=t 2
d = E*j;\_), (18)

Thus, if zl is put equal to 20 4 and A = 0.5 4 the moximum
depth of focus will be 1.6 ml.i. Thue o given degrce of reso-
lution is obtnined only over o relatively smnll dcpth of the
spray. This depth is independent of the optical parameters of
the lens system, and is dependent only on the wave length of the
illumination. It is improacticable to decrease thie other

than by uesing a blde senegitive cmuleion having a maximum sengi-
tivity at C.45 1 .

In view of the lack of information on the practicability of
the photographic method, experimental work hneg becn started ot
E.R.D.E. " During early expecriments on attempt was mnde to limit
the depth of field photogrnphed by restricted illuminntion at
risht anglece to the camera axis. The droplets werc recorded by
the light refleccted into the camcra lens, However, no short
duration source of sufficient brightness was found, nnd it was
decided to concentrate work on nxial illuminnting systems, the
drope being eilhouetted against thce light field. The usc of
glites to 1limit the depth of spray in the camera ficld was
cxamined, but although it wns found poseible to prevent bronk-up
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of the spray on the edges of the slits by mesking them of
absorbent material and limiting the time of exposure to the

spray by means of a shutter, it was decided that the introduction
of mechanical devices into the spray would remove the special
advantages of the photographic method.

When a droplet field of a depth large compared to the depth
of field of the camera system is photographed, two sources of
error are introduced. Outside the focus zone the definition
falls off gradually, so that in the assessment of the spray
photograph the operator has to judge the point at which measure-
ment becomes impracticable. As a result, the large droplet
sizes are estimated over a greater depth of the spray than the
emaller droplets and the small droplet fractions are under- -
weighted. For a given error in estimation of droplet diamcter,
the fractional volume error will be proportional to the recip-
‘rocal of the droplet diameter. On the other hand, there is
a tendency to under-estimnte the diameter of drops out of focus
the error increasing with lack of sharpness of thc image,

The distortion introduced into the distribution curve, duc
to thes¢ effects, was examincd by photographing a suspension of
paraffin wax spheres in water contained in parnllel gided glngs
Obsorption cells of 1 and 2 em. thickness. The distribution
curvec of the wax suspension had been previously dctermincd by
counting and measuring a sample banken on a microscopc slide.
With the cell of 1 cm, thickness, thc distribution curvc obtaincd
wag not significantly different from that given by the slidc
count. With the 2 cm. cell thc apparent weight medinn dimeter
had decreased by approximitely 204 , nnd thc slopc of thc
distribution curve showed n slight incrcnse. It woe concludcd
thnt the aceuracy of thc method wae gufficient for sprays of
gize constont greater than 200 A . With eprays of higher
dispersion the method is comparative rather thon absolutec,

The assessment of the photographic record of the gpray is best
performed by projecting the image on to n ground gloss screcen.
The counting and measurement of a gufficient number of drop
innges is gomewhat laborious since more than five hundred must
be counted in order to obtain reproducible results. It would
be possible to devise.aphotoelectric gecanning device operating on
the negative which would sort and count the drops in a number of
size ranges with sufficient accuracy, but the time and labour
required to design and construct this would be prohibitively
large. Manual measurement and counting can be speeded up by
the use of an adjustable comparison scale, the movement of which
is mechanically connected to a multi-position switch selecting
the appropriate counting register. A counting aid operating on
this principle is described in Part II of this report,

It should be possible, by measuring thec¢ mean transmission of
the negative, to obtain a value for the total surface area of
the spray sample photographed. The problems arising will be
considered in the review of other mcthods of indirect sssessment
of sprays. -

Indirect methods rely on the measurcmnent of some pProperty of
the spray which can be related to a mean diemeter. The method
which would seem to be most applicable to injector sprays ie the
meagurement of the optical transmission of the spray. Then,
for a spray density and path length such that over-lapping of the
droplets in the direction of the optical axis can be- neglected:

=N o
T=l-g = o

(19)
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agswiiing the droplets are opague. Here S/V is the surface'
area per unit volwae of liguid, v 1is the volume concentration
of liguid, and is the optical path length. If T ie less
than 0.8, theerror due to overlapping of the droplete cannot
be neglected, and the exponential equation

;¥
Sl

= & & (20)

must be used. This holds only over path lengths within
which the values of v and dg are constant. Thus it can be
applied only to homogeneously distributed sprays; otherwise
the overall transmission mugt be grcater than 0,8, This
limite the possible applicability of the method to injector
sprays to those of low density or spatial homcgeneity.

With values of the transmission coeffiicient greater than 0.9
the error in dg for a given error in the transmission
coefficient becomes considerable (it is nine times thec error
in traonsmission coefficient at T = 0,9). The measurement of
the ratio of the volumc of liquid to the volumc of spray
presents some difficultics. Sauter (37), using thec method
to investigate air atomisers, assumed the volume concentration
of liquid to be equal to the ratio of the volumec flow rotce
of liquid and air, thereby assuming the velocity of thc air
and the liquid to be identicnl,

In the casc¢ of pressure and centrifugal injectors, the
quantity most susceptible to measurement is the volume flow
rate acrogs unit surface at any point in the spray. To
derive the concentration from the flux density, the mean
velocity of the spray normal to the surface must be known or
agsumed. This necessity for measurement of spray velocitics
renders the method inconvenient for the routinc testing of
pressure and swirl injcctors.

Sauter also used the charge carricd by drops cmitted
from o nozzle hcld at a fixed clectrostatic potentinl to
- measure the mean diamcter with respect to surface; the cxperi-,

mental difficulties makc this method of historical intercst
only. A method which might be cmployed as o rough check
upon the diametcr nnd homogencity of the eprays rclics on the
diffraction of light from o point sourcc obscrved through the
spray. If monochromntic light is uscd, and the gspray is
homogeneous, n series of concentric diffraction rings
surrounding the source con be obsecrved., The half nngle
subtended at the cye by the nth dark ring is related (38) to
thc drop diameter @ and the wave length 7« by the relation:

- - 8wl

(21)

The definition of the rings deteriorates with increasing
inhomogeneity.
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SUMMARY .

The text is divided into three sections, the first of
which is a discussion of the relation of propellant atom-
igation to combustion in rocket motors, the second is a review
of the literature on the ntomisation of liquids and the third
a review of methods of measuring drop size in sprays. The
rcagon for this order of presentation is that thc methoq cven—
tually selected for assessing the dispersivc power of liquid
propellant injectors will be determined by the importance of
atomisation in the combustion process of the rocket motor and
by the variation of droplet size with changes in thc physical
properties of the propellant and the external conditions.

A spray congigting of a numbcr of gpherical droplects of
different sizes can be described by two quantities, onc ;
repregenting a mean droplet diaweter ond the other the 'sprerd

' of droplet size about this mean dinmcter. It hne beon found
experimentally that the distribution of droplct eizc in the
sprays given by some typee of atomisecrs can be represented by the
Rogin-Rammler expression: n

R= ol

This equation defines the 'size constont’, do, nnd the adis-
tribution constant, n. It ise shown that if a relation between
the rate of combustion of a droplet of propellnnt ~nd its
diameter can be found the combustion charncteristice of a spray
can be defined by do, n , and thc droplet dinmeter constants

in the rate of combustion equation. By onalogy with the
combustion of so0lid propellants it might be thought thot the
rate of combustion of a droplet of a monopropellant would be
proportional to the surface arca, that is to the square of the
diamcter of the droplet. This conclueion ig shown to be true
only when the radius of curvature of the droplet surface is
emall compared with the dimensions of the preheating zone

which must exist in the vapour phase surrounding the droplet,
In theory the variation of rate of combustion can be calculated
from the physical-chemical constants of the propellant system;
in practice the calculation is laborious and the valuc of thc
constants of any particular system uncertain. An approximate
treatment is attempted which indicates that for droplets of

the order of diameter to be expected in the combustion of
liquid propellants in rocket systems the rate of combustion
per drop will be proportional to some power of the diameter
between one and two.

R P
e, M=kd | 12842

The value af}@ can be estimated if the rate of burning per unit
area of plane surface of the monopropellant is known. Ag
this increases‘/Stends to ite limiting value of two.

In the case of bipropellant gysteme it ie impoesible to
make any estimnte of the valuec of 8 without a detniled examinction
of the mechaniem of the process of combustion for particular
gysteme. The influence of changes in the state »f gas flow in °
the combustion chnmber will moke the experimental study of the
influence of droplet eize morc difficult than in mdonopropcllant

/eystensg,
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gsystems.

Assumi%g that the rate of couwbustion per drop ie givgn '
by r%::kbd and that the distributgon of drop}e? gizes in
the spray can be represented by K=o 909 the initisl

rate of combustion of the spray per unit volume of propellant
is given by A ~X_ 4

This expression indicates that the initial rate of combustion
of the spray increcases with decreasging size constant and
decreasing homogeneity (decreasing values of n).

Under steady operating conditions the overall rate of
combustion must be proportional to the rate of inpu@ gf
propellant (and equal to the latter for maximum eff%01epcy).
The volume of propellant in the combustion chamber is given by

w BN
A LT [y
ke ~ 6B 'lﬁé"i(“* 333)

k being defined by the cquation for the variation of droplet
diameter with time:

‘ da—ﬁ:d?'ﬁ_kﬁt

Ve e 1increases with incrcasing dg indicating that if the density
of combustion is kept constant the volume of the combustion
chamber must increase with increasing dy; on the other hand it
is not very dependant on the valuc of n. The fraction of
propellant unburnt at a time t aftcr injection is more .,
dependent upon the inhomogeneity of the spray._ﬁ It can bc
expressed as a function of the paramcter kgtdf At a

value of t which makes this cxpreegsion unity a change of n from
4 to 2 increases the fraction of »ropellant unburnt by a factor
of 2 for /3=| and by a factor of 58 for/8=2. :

This formal treatment indicates the direction of_.the effect
of changes in the fineness and inhoimogeneity of the p}opellant
spray. The uncertainty in the appropriate value of the index
in the rate of burning equation and the simplifying assumptions
used in this analysis make more precise deductions fruitless.

The next section on the process of atomieing reveals a
similar uncertainty in our knowledge. It is clearly true that
the fineness of a spray increases with decreasing density, surface
tension, and viscosity of the propellant, and decreases with
increase of orifice size and decrease of injection pressure drop
or combustion chamber gas density. It is difficult to assess the
€xact state of the atmosphere in which the atomigation takes
place in a rocket motor and the effect of this state upon the
process of atomisation. The temperature and flow conditions are
quite unlike those encountered in testg in which the spray is not
ignited, It is probable that the dispersion is assistcd by the
high temperature and that the resultant spray is fincr than that
given by the same injector in 'cold' tests.  The procesgs of
atomisation is not instantaneous, and, since it tokes place during
combustion, may never be complete. It secems deesirable to

/investigntc
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investigate this process under coubustion conditions.

Clearly a high degree of precision will not be needed in
the assessment of the atomising Hroperties of pocket injectors.
The requirement is for a method, flexible in application, which
will give at least a semi-quantitative measure of thc distribution
of droplet sizes and which can be applied to the incipient stages
of atomisation as well as to the fully developed spray. For
these reasons after reviewing the methods which have been used
for droplet size measurement we have concentratcd on photographic
means of recording the spray in flight. It is shown that this
method is capable of greater accuracy than is actually required
both in the estimation of the diameter of an individual droplct
and in the measurement of the distribution curve of the spray os
a whole. It is particularly suited to the study of the unstablc
state of the spray close to the injector orifice and of atom-
isation under conmditions of high temperature, high air density
ete. The theory of the photography of sprays is discusscd in
detail. The technique and apparatus developed at E.R.D.E. is
dececribed in Part II with the experimental results obtained for
representative injectors. It is intended to correlate tests on
injectors giving widely varying mean droplet diameters with
proofstand measurements on monopropellants.

The majoerity of the problems raised have not been solved.
It is hoped however, that it will serve to stimulate interest and
further research. '

The suthor wishes to thank Mr. L.A. Wiseman for many helpful
discussions and Miss M. Hoopcr for assistance with the numerical
calculations.

/BIBLIOGRAPHY

1 -
—

T



BEJCtiOn I .

1.

2.

6.

Te

9.

10.

11.

12.

13.

BIBLIOGRAPHY.

Sauter J, "Untersuchung der von Spritzvergasern
gelieferten Zenstaubung'.

Forschungarb. Geb. Ingenieurwesens 312, 1928,

Straszhevski L. "Investigation of atomisation of
Liquid Fuel®. Tech.Phys. U.S5.5.R. 4, 978, 193%7.

Rothrock A.L. "The N.A.C.A. apparatus for studying
the formation angd combustion of -fuel spraye and the
results from preliminary tests”, N.A.C.A. Tech.
Report No.429, 1932. 5

Rothrock & Walden, "Fuel vaporization and ite
effect on combustion in a high speed compression
ignition engine®. N.A.C.A, Tech. Report No,435,
1932.

Joyce J.R. ,“Thc wax method of sgpray particle size
measurement’, Shell Tcch. Report No. I.C.T./7.
1946,

Longwell J.P. "Fuel o0il stomisation". H.I1.T
Thesis, 1943.

Rogin P. & Rammler E. "Law governing finenesgs of
powdered coal", J. Ingt, Fuel 7, 29. 1933.

Probert R.P. "The influence of spray particle size
and distribution in thc combustion of oil droplets™.
Phil. Mag. 37, 94, 1946,

Semenuv. "Thermal theory of Combustion and
Ignition", ©N.A.C.A. Tech. Memo., 1024, Translated
from "Progress of Physical Science™" U.S.S.R, 251,
23, 1940,

Wolfhardt & Klaukens. "Measurements in the reaction
of a Bunsen flame'. Proc. Roy. Soc. 193, 512, 1948,

Boys S.F. & Corner J. "The structure of the reaction
zone in the burning of a Colloidal Propellant'.
Scientific Advisory Council Report No.l1l1l3S. I.B.8.
1943,

Frozling-Lund. "Uber der-Verdunstung fallender
Tropfen'. Gerl., Beit. Geophysik. 52, 170. 1938,

Kramers "Heat transfer to spheres in flowing media®.
Physica 12, 61, 1946.

/Section II,

- 98



‘Section II.

14,

15,

16.

17.
18.

19.

2l.

22.
23,

24,
25.

26.

27,

28.

LUL‘. D.‘l";. et 8113 N.AOC.A. RC;OI’tE N'.).';i.':"j“l" "::65’
438, 454 and 520.

Haw thorne. 'Notes on atomiser resesrch done by
Professor Hottel'., R.A.L. Tech. Note No. Eng.
167, 1943,

Nukiyesma S.T. & Tenasawa Y. "An experiment on
the atomisation of liquide by means of an air
stream",
Trans. Soc. lech. Eng. Japan. 4, 86 and 138, 1938,
5, 63 and 68, 1939.
€6, II 7 and II 18,1940.

Muraszew A. "PFuel Injection in Internal Combustion
E?ginea. Fuel Spray Phenomena'. M.I.R.A. 1947/
R/6.

Roesch W.C. & Rose E.F, "A Survey of the literature
on the subject of atomisation". Galcit Progress
Report 1-46,

Rayleigh, Lord. "On the Instability of Liquid
Jets". Proc. London Maths. Soc. 10, 4, 1878 &
"Sound" Vol.II, MacMillan, 1926,

Haenlein A, "Uber der Zerfall einer Flussigkeits-
trahlen/. Forschungarb. Geb. Ingenieurwesens
A.2, 139, 1931,

Castleman, R.A. "The Mechanism of atomisation of
Liquids". Bureau of Standards Journ. of Research,
6, 369, 1931 and N.A.C.A. Report No.440, 1932.

Lee B.W. & Spencer. "Photo micrographic studics of
Fuel Sprays". N.4.C.A. Report No.454. 1933.

Triebnigg, H. "Der Linblascn und Einapritsvorgang
in Diesel Maschinen”.  Springer 1925.

Scheubel F.N, "Jahrbuch der Wissen shoftlichen
Geselschaft fur Luftfarht", 1927 p.140,.

Sass F, "Kompresserlose Dieselmaschinen,
Springer 1929.

Lee, D.V. “The effecct of nozzle design and
cperating conditions on the ntomisotion and
distribution of fuel sprays"., N.A.C.A. Tecch,
Report 425. 1932,

Retel. "Contribution a 1'Etude de¢ 1'Injecction dans
le moteur Diesel", rublications Scicntifique et
Technique de Ministere de 1'Air. B.S.T. No.8l.
1938,

Lewis H.C. & Richards D.G. "A Study of the Atomisation
of Liquids", 0.5.R.D. No.6345, 1945,

/29.
= B o



29, Merrington A.C. & Richardson E.G. "The brcakup
of liquid jets®. Proc. Phye. Soc., 59, 1, 1947,

3C. Joseph Lucas Rcsc~reh Reports. "Thce Characteristics
of Bwirl Atomisers”, Nos. L.1258, 1944, nnd
L.2671, 1947.

3l. Taylor, G,I. "The Boundary l-ycr in the converging
nozzle of a swirl atomiser'. A.R.C. Fluid Motion
Panel. F.M. 788, 1945.

32. Needham, H.C. "Correlation of Particle Size Dntn
on Pressure Jet Atomisecrs". Power Jcts Report No.
R.1209. 1946,

Section III,

33. May K.R. "The Cascade Impactor. An Instrument for
sampling coarse serosols". J. Sci. Inst, 22, 187,
1945,

34. Doblc, 8.M. '"Degign of Spray Nozzles", Enginecring
159, 21, 61 and 103, 1945, also Proc. Inst. Mech,
Eng. 157, 103, 1947,

35. Needham & Starmer. "Particle Size Mcasurcment!.
N.G.T.E. Special Report No. S.I. 1946,

36 - Tiplcr, W. "The Application of Optical ond
Sedimentation Methods to Pnrticlc.Size .nalysis
of wax sprays", Shell Tech. Report No, I.C.T./12.
1947,

87. Bouter, J. Forschungsarb. Geb. Ingenieurwcsensg.
No.279, 1926 and No.312, 1928.

38, Mecke R. Hondbuch der physik. 20, 68, 1928,

Appendix B.

9. Corner, J. "Theoriecs of Flame Speeds in Gagesg',
A.R.D. Theoretical Research Report No,1/43.

4C, Markstein & Polanyi. "Flame propagation - n
critical review" of existing theories". Bumblebes
Report No.61, 1947. !

41l. Frank-Komanetsky and Zeldovich. Actn Physiochim
U.R.S.S. 9, 341, 1938, and Compt. Rend, U.R.S.S.
19, 693, 1938,

42. Jahnke/Emde, Tables of Functions, Dover, 1943,

/APPENDIX ..

- 34 -



B B B B B

i

APPENDIX A.

THE USE OF THE ROSIN-RAM.LER DISTRIBUTION LAW
: TATION OF PROPELLANT

In dealing with size distribution of uniformly shaped
particles-one is usually interested in the volume fraction
of the distribution having dimensions between any two
arbitrary limits rather than in the number of particles in
thie size range; particularly so when the forii of the dis-
tribution is obtained by sieving methods and the method of
presentation of distribution curvees is a plot of the fraction
or percentage of the volume having a Giametcr greatcr than a
length d, against wvalues of d. From observations on
powdered coal Rosin and Rauinler noted that the distribution
curves could be made linear by plotting the double logarithm of
the reciprocal of the volume fraction oversize, R, against the
logarithm of the diameter d. Thie indicates that the
distribution curve can be expressed as :

R e Fhas

or, log.log % = log b + n log d + log.log €

n being the slope of the straight line obtained, Since n
defines the 'spread' of the points it is termed the distribution
constant. It is possible to define the constant b in terms

of the volume median diameter, the diametecr above which lies

one half the total volume, but it  is mathematically neater to
define a diameter do by the equation:

R = e"E%?)) n ' (1)

Then 1/e® of the volume has a diameter grecater than do.

This expression has been found to fit the droplet distributions
existing in centrifugel sprays, and as cited (P.10) has been
used in conjunction with a relation between the rate of cvapor-
ation and the diameter of volatile droplets to deduce certain
conclusions about the burning of oil sprays. The distribution
constant, n, which defines the slopc of the distribution curve
has been found to take valucs between two and four for oil
sprays produced by swirl atomisers. It is useful to e¢xomince
the effect of variation of n on the volumc and numcrical dis-
tribution. The variations of thc volume friction oversizc nt
various arbitrary values of d/do are tabulatcd beclow:

d/do

0.1 0.2 0.4 0.8 1.2 1.6 2.C 2.4
0.990 0.961 0.852 0.827 0.2387 0,077 0.018 0.003

2.5 0,997 0,982 0.905 0.570 C.206 0.C39 0.0C04 0,000
3.0 0.999 0.992 C.938 0,599 0.177 0,007 C.000 0.,00C
3.5 1.000 0.997 0.961 0,640 0.144 0©.,006 0,000 0,000
4.C 1.C00 0.998 0,975 0.664 0.126 0.001 c.CO™ 0,000

Thus for sprays having distributions of this type, the volume

/fraction
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fraction having diameters outside the ranges 0.1-@0 d <\2.4d0
for n = 2 and 0.2d0< d < 1.6dp for n = 4 is negligible.

Putting 4/do = X and differentiating equation (1) with
respect to X, we obtain .,

!
dBsemle £ 4% (2)

dR is the volume fraction between X and X + dX. Putting this
equal to*vkdx,qgfbeing the fractional volume distribution
function and differentiating again

%—";5 weph B (n-\—hX“) (3)

Equating (3) to zero, it follows that the maximum volume of the
gpray occurs at a diameter given by 3

_(n-)" ' 4
It can be seen that the volume distribution curve has a
maximum at a real value of X provided that n » 1. From eqguation

(2) the same condition holds for ¥k to venish at X = O; this
implies that the dietribution law (1) applies to real distributions
only for values of n greater than one.

The distribution functions of other parameters of the system
can be derived from equation (2) e.g.

Sy the surface distribution function = N%&

J"Exél(' ) Svdox
o X
Ly the diameter distribution function = V2 6

Vy
fag TLaX

Nx the number distribution functiun = ‘%V%B
b
—— ____.1-3 3
wdX  TNdg X

=]

E

Sy, Ly, Ny being the total surface, diameter and number respect-
ively per unit volume. The integral in the denominator of each
expression can be evaluated by its relation to the gamma function

[*X) which is identical with the generalised factorial
function (x)! Values of this function can be found in Jahnke-
Emde (42).

m
n-t =X
Since from equation (8) Vy = -nX e
o0

=X X“
keen J}';%x aX = I—nx e dX

(o}
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x o —
It can be shown that {\( e Xd){ = (ﬁi-"}l—l g | B 2
4 g
= ot S e ‘r_w.;et,_.)
it follows that |-nX e * dX ( o )
o
[e]

provided that M)«

U oo
By differentiation of&%h( with respect to X it can be‘ hown that
it has & maximum at a value of X given by X = Ih%?ﬁ:ﬂ n

When‘nfg*lthe distribution function corresponding to the value
of « has no maximum for real values of X and is finite at X = 0,
WhenM% & the distribution function is infinite at X = O and
the definite integral (8) cannot be evaluated. If the total
value of the parameter i.e. S8, L, N etc. in (5,6,7) or cumulative
velues are required for n{ot+! it is necessary to impose a
lower 1limit on X, Then in the range o <{n {&+! the integral
can be evaluated from tables of the incomplete gamma function
and for n' = X from values of the exponential integral; for

TN <X numerical integration is necessary. If the rate of
combustion etc., per drop is given by kﬁcﬁy s the ratc of com-
bustion per unit volume is Gﬁ@%dsﬂe then in the
notation of P.3, total rate over all droplct sizecs is
N
N

2

(11)

N
E

|

and the mean diameter dﬁ for this dependcnece of ratc upon
dioameter is defined by thce equation

Overall rate of combustion =6kﬁv/-'3.,g (11a)
rndg
T B3
thus N o xS A i
d,a B L__.> &ivA ] e
When ﬁ = 1, this represents the mean diometer considered by
Probert and when fi = 2, it is identical with thec Sauter mean
diameter.
From equation (9 ’ \
qQ (9) Xa

B=i4T0- =8 1)

when the summation is replaced by integration over all possiblec
values of droplet diameter ranging from zero to infinity. Ag

h—3~-8 the denominator of equation 13 and therefore the
rote of combustion per unit volume tends to infinity, ond it is
nccesggary to assume a lower limit of droplet size.

J1f
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i, (14)

we caun compare the function with that derived from

=

_ﬁﬂnx"" e-XﬂdX_i

X, (15)

for values of n between 2 and 3, and:K‘an arbitrary limit.

If we put y = X® in the integral of equation 15, it
becomes

J£ yhe” dy

(16)
or if n%2 fy-% e dy __f’-y,?ﬁ Y dy
= RN -CE (17)

This expression, the incomplete factorial function, can be
found from tables; these give values of (XJY)‘/(J'Q'-

then equation 17 is best formulated as

I -2 7}'J)l:
(3l e

when n = 2, the integral reduces to the exponential integral

of
S ", -\ .
El(—x) = JI: o Yt
x
values of which are tabulated,

In the calculation of cumulative volume curves from the
measurements of the number of drope having diameters between
arbitrary limits, the error due to the finite width of the
diameter increment may be appreciable when the diameter range
is divided into less than ten increments. The cumulative
fraction oversize is calculated from theequation:

s | = 2”,3%2“_‘ 1
o}

(18)

Nj being the number of drops having diameters between di and

dy - A dy. The mean diameter diie taken to be the arithmetic
mean of the limiting values when d4 is apprcciablce compared to
dj. The error due to this assumption has been ¢xamincd by
comparing the computed curves with an originnl cumulative curve
obcying the Rosin-Rammler formula.

/From
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0L 0.3 0.5 0.7 0.9 5 S 0%
v 0.002 0.016(2) 0.125  0.480  1.31(2) 2.92(8) 5.712
To,P 0.11034 0.33044 0.54485 0.73747 0.89143 0.96658 0.9940k
Al(u, 0.1203 0.22010 0.2U41 0.19261 0,13396 0.08172 0.02913
AX3 . 0.008 0,064 0,216 0.512 1.0 1.7238
Av -~ 0.00518 0.04816 0.14601 0.27656 0.28582 0.17569
R , 10 0.9938 0.9456 0,797 0.5230 0.2362  0.0595
e 0.9999 0.9919 0.9394 0,786 0.5169 0.2322 0,0578
xio*t 1 19 162 131 61 40 17

From cquation (7) thc fraction of the total number of

droplete between diametersd] and dg

o0
; . dy
\}2I§X X{ being I cte.
x .
From cquations(2)ond (9) this is cqual to

[0-% ) =% X1 /(=)

This can be written as | UHP)"I(W)P) *

K _ =B
v = and P="%

(19)

Given the values of X3 ete., and n, this can bc cvalus tcd

from tablcs of the incompletc gnrmn function.*

Toking n = 4, 8o that p = —0-75 and U=Zx

e e s s W o e = om - - - .- e - . - . e

If we consicder the injection of a propellant spray into a combustion
chamter

- 39 -
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1.5

le7

10.12(5) 16.704

0.99954
0.00550
2o Tkl

0.05300
0.0065
0.0061

i

- ——

The last line gives the difference between valuea of the cunulative volumne
fraction derived from

and the values computed for finite intervals of width 0,2X using the
arithaetic mean of the interval for the calculation of the volumne fractien.

/of

» See "Pables of the Incomplete Gamma Function", Karl Pearson,

Stationery Office, 1922,

0499999
0.00045
4,096
0.00649
0.0000
0.0002

2



of unlimited size at a rate ¥V volumes of propellant per sccond,
a steady state will be reached in which the volume and droplet
gize distribution will be such that the rate of combustion is
balanced by the rate of input. This volume and distribution
will depend upon the burning characteristics of the propellant
and can be calculated from this and a knowledge of the
distribution of the spray at the moment of injection,

If the mass rate of combustion per drop is proportional to
a power A& of the diameter theg_;he rate of change of diameter

with time is proportional to d . By integration it follows
that if di is the diameter at t = o the diameter at time t is
given by 3-8 3-

d =d1fk/3t

where kp is a constant (20)
and provided that /3:\—_3

Then the ratio of the volume of spray made up of drops
initial diamcter 4, at time t to its initial volume is

O Skt (21 .

. If ¥ is the volume distribution function of the injccted spray
at d = di then V.\L.8§4.8t is thc volumc between di ond d3 - 8d
injected in time 8t and the volume in the combustion chomber duc
to the injection of drops size of this range is

b

VAR Q _ }Ed&g ﬁ)%'ﬁ de = 365,% My._ﬁlf\ﬁ_d:f (22)

(@
The intecgration is performed from %he timc of injecction to h: E&ﬁ
the time at which the drops vanish. d ’
If the distribution of the injected spray followe the Rosin-

Rnmmler cxpression

Fif? e then the volgpc fraction diatribution
W=l .,

18 .= -T'I\X- e

nnd the volwmac of propcllnnt in the combustion ch-mber from
droplet sizes bctween X and X + daX

. 3-8 £
is 3=B VWd, AR v 4
5y __i(_ﬁ. ke X . aX

ond the total volumc from the wholc rongc of eprnj gizes
3-8 y& P s
B kg (438 | '
| (23)
=l = , /Thc



Q.

The volume fraction distribution function of the propellant
in the chamber is :
n-g+2 N

! X
v =X e
S e (24)
. |(1+L‘§i)

In the two limiting cascs of propellant combuetion 8 = 1
and 2 then the volume of propellant in the combustion chamber
will be given by

v ol
V=% -\%W*%) (25)

and sz _ht %IE‘_“"% (26)

Neither of these gamma functions is very sengitive to changes of
n abuve the value two,

A quantity which is important when the time which the
propellant spray has for combustion is limited is the volume
fraction of the propellant injected at t = o remaining at time t.

From equation 21 this is given by
; ;

%= [i- 1M XX ax @

putting ‘{-F
di = >< Oﬂd (kﬁa =X (28)
ds do

| "
this equation for'\!t is a function of( ﬁt) Ko and of n-andﬁ

It can be wvaluated by numerical integration.

Footnote.

This formula differe in the valuc of the numerical constant
from that given by Probert (loc.cit). His derivation differs
in the diameter variable chosen and in the pathe of integration;
the integration becomes cumbersome and one of the stepe in the
derivation is fallccious. In the notation of Probert's papcr .
the variobles are t and d the diamcter ot time t. Drope of
diameter d may be considered to result: from laryger drops, 1 £y
Injected at a time t secs. earlier, of diameter at injc»ctiong*')tl’)

|
-

Then the total volumc of drops of size d — d+{d in

the stcady state is 11-?' dk) 72
t=o00 )
3 * "L ) 2  F
vsd= d jﬁdd_ﬁ) e T g Va
o
k=0
2

Probert puts & in plicc of §(d +>¢)i Y2, confusing the
alternotive variables 4 ond 44 :(d +lt) This cxprescion

can bc integrated over values of 4 from zero to infinity to give
thc same result ns (22) but the evaluantion of the double integral

ie somewhat involved.
/AEPZL?.'NDI}{ B.
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APPENDIX B.

Calculation of thc rote of combustion of mono-
propellant droplets.

Strictly, to cvaluate the ratc of combustion, we nccd
the condition for which 2 solution of the partial differentinl
equations of heat flow and mass flow exiets under thc
appropriate boundary conditions. In the stendy state, these
equatione may be formulatcd ns -

Heat flow balance; div (A grad T) - div (MH)'*‘(WI,«SQﬁO
' f\l:..". - L

A being the thermal conductivity
i the temperaturc
2"  the mass flow per unit timc
"  'the heat content per unit mass

Wa "  the rate of reaction per unit volume of
reactant A ctc.

QA f thec heat of reaction per unit mass of
reactant A etc..

Mase flow balance: div (Dj grada ) - div (Mn)4kM§A§C)
B 2
A

Dp being the diffusion constont of reactant A, 2 being
the mass fraction of A, :

Z"’l:l

For multi-component reactions, the mass flow cqu-tion can
be repcated for e€ach componcnt.

Finally conservation of mnss: div (M) = O (3)
flnd WA = f (-1, " e e p, T), ttCO (4)

the form of the¢ function depending upon the kinctics of the
rcaction; and the approprinte boundary conditions for T and 2
€te,, and their derivatives. Given these, and if such a
stationary state is possible, a rclation exists between the rate
of burning and the other paramcters. It has been possible to
express this as an algebraic function only for certair. cases, few
in number, and then only with the help of drastic assumptions,
For a review of these, reference should be made to Corner (39)

and Markstein and Polonyi (47), A term for the flow of heat

by radiation might be included in squation (1). In most systcms
the heat transferred by radiotion is small compared with that due
to conduction and the term is usually omitted. In combustion
systems where the velocities of flow are low and the pressure
variations throughout the system negligible, the translational
kinetic energy can be neglected and the equation for the con-
servation of momentum omitted. Boys & Corner (11) have caleulnted
the rate of burning of cordite by numericnl integration of the
equations, but only for the case of a plone surfacc of prcpellant;

/for
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for the problem now considered the spherical symmetry rendere
the numerical integration much more laborious because the
independent variable appears explicitly in the differential
equations.

The difficulty in obtaining algebraic solutiong lies in
the exponential form of the equation conneccting reaction rate
and temperature which, for the case of an unimolecular reaction

is
_ERT

w o= Gf’Be

Solutions using this kinctic form have been obtaincd for s

planar unbounded reaction zonc by Frank-Kemenectski (41) but the
methods used do not appear to be convenient for gpherical rc-
action zones. We shall, therefore, employ a method of solution
which is historically the oldest, being fundamentally idcntical
with that used by Mallard and le Chateliecr (1883) and with vari-
ations by othcr workers up to the last war. As has becen pointed
out ®y Corner (loc.cit) the approximation determines the variation
of ratc¢ of reaction throughout the reaction zonc and solves the
heat flow equation only in the heating zone where the rate is
asseumned to be zero. However, if we are content with obtaining
the rate of combustion per unit surface of a drop of diamcter d

in termes of the rate of combustion of a plane surface, thc resction
rate can be eliminated from the result. The parameters necessary
arc a tcmperature Ti below which the rate of reaction is
ncgligible and To the temperature of the liquid surfacec. Thesc
and othcr assumptions are discussed on P. 10, 11 & 12, If the
influence of diffusion of recactant is assumed to be negligible
equation (2) need not be considered,

For a spherical drop of diasmeter d equation (1) becomes

2. dT .
. AMAdR: _ M. dC
ST bt $T) +o8 (6)

T & w being the temperature and reaction rate at a distance r from

the drop centre,

The boundary copditions at the liQuid surfacc cre

ﬂdqh(%):‘;’“— ; 1= (7)

where L ig the heat of vaporisation in calories/gram, and C
the constont pressure specific Heat in calories/degree/gram;
assumed to be the samc for both reactant and products,
. . o L
In terme of the dimensionless voriables G:CP("_T°+ c'?>
R=d
‘. 2F
Vith 5 = MCpAnid (8)

and where Cp and N are iven mean volues for the tecmpe rature
range coyvered, equation (6) may be written:

d® | xd9 . QCxd -
Tot R R =0 (9)
: - 43 - /in
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-in the rcgion T < T(T ) W
and 42 ‘gd’) 0 (10)
with boundary CDnulthnS :
Ro=!, o=t {é{%\o_—_g (11)
the solution of (10) is |

E(1-R)
0= e (12)

In the reaction zone we may fassume %Q to be constont, then
gquation (9) 'b(_comcs

S - QGd & W
IR = AL R (13)
To c¢liminate a'(:z we invoke the condition thot @ must be a

continuous function of R nat the junction of the hecating nnd
rcaction zones, then at the junction, R = Rj, and from (12)

and (13) 1 5

40 L.QCpd'w

(dp) EO g AN R (14)
but from (12) .'\ ’S‘Q 5
whence (14) becomes E (| '“@) Qﬁﬁ% 'f:') (15)

If we assunic thnt wi -.@i are independent of the rndius of the
drop, equation 14 is ~ relntion between the mase rate of burning,
the dmp gize and the other prametcrs of thc systim, Since

M = (d* ™ where m is the rate of burning per unit surface,
we obtrin from (15)

T (\_,. 27\\n€)) Qw

Y mpd L6, (16)

ag d tcnde to infinity m tende to mg the ratc of burning per
unit surfocec for o plone surface, we¢ may write

27 O.)4' — m %

v &
m (l ™Cpd ¢ (17)

This equatiom for m hae four distinct roots, given by
: a2 In O; 2An Ui \2 A (2AIn0)?
27 =t wW, +2Cd "’l( Mg+ 2.7 Cod =4y

d
P v (18)
taking positive values . that if 4_2)\%\@ & |
g g pos values, we sec ths hCpd
™ 2 M, + _..!_?—78‘ do ~ 1,
e (19)
, ol = /ond
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| e
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end if 4» M)N

‘ﬁ'lond

fo~2M00; L 4 g&ﬂk_
"o gd T U )

= 'Z}\h’l @I/CPCl

VIR T T

h

(2¢)

In view of the assumptions needed for the derivation of

equation (18) it cannot be expected to give more than the
order of the variation of ih with diameter. It is intended

to check this calculation by numerical integration of equations

(1) and (2) when sufficient data is available to make the
task profitable,
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